1. Introduction {#s0005}
===============

Sports-related traumatic brain injuries (TBI) amount to 21% of total TBI in the USA of which 5% of the cases are due to professional fighting ([http://www.cpsc.gov/en/Research\--Statistics/NEISS-Injury-Data/](http://www.cpsc.gov/en/Research--Statistics/NEISS-Injury-Data){#ir0005}) ([@bb0215]). Repeated head trauma, as experienced by professional fighters, has been indicated as a risk factor for neurodegenerative disorders such as dementia and various other neuropsychiatric disorders such as depression, and mood disorders (For review: [@bb0035], [@bb0055], [@bb0195]). Some individuals with chronic brain injury due to repeated head trauma have shown evidence of chronic traumatic encephalopathy (CTE) at autopsy (For review: [@bb0260], [@bb0320]). Neuropsychological testing in boxers has revealed slower processing speed, difficulty in completing complex attentional tasks and reduction in executive functions ([@bb0040], [@bb0160]). The exact pathophysiology is, however, difficult to investigate due to inherent heterogeneity among the subjects due to different injury sites, mechanical forces, and exposure to head trauma ([@bb0250], [@bb0360]).

Both structural and perfusion deficits have been found in animals and human models of repeated head trauma. The animal models of repeated head trauma have reported widespread cortical, cerebellar, hippocampal, and thalamic atrophy combined with diffuse axonal injuries of the corpus callosum and cerebellar peduncles ([@bb0360]; (review)). Similar to these animal models, various structural neuroimaging studies of repeated head trauma in humans involved in repeated head trauma such as professional fighting, veterans, and combatants have shown changes in gray matter volumes in regions such as thalamus, ventromedial prefrontal cortices, right fusiform gyrus, and frontotemporolimbic regions involving hippocampus, medial temporal lobe, and frontal lobes ([@bb0050], [@bb0055] (review); [@bb0130], [@bb0240], [@bb0265], [@bb0270] (review)). Various diffusion tensor imaging (DTI) studies of repeated head trauma have shown increased mean diffusivity and decreased fractional anisotropy in the temporo-occipital white matter tracts and forceps major ([@bb0175] (review); [@bb0270] (review); [@bb0285] (review); [@bb0310], [@bb0345] (review); [@bb0380], [@bb0375]). Axonal diffuse injury, hippocampal atrophy, dilated perivascular spaces, cavum septum pellucidum, cerebral atrophy, increased lateral ventricular size, pituitary gland atrophy, arachnoid cysts, and contusions have been shown to be associated with repeated head injuries that were further associated with years and number of fights ([@bb0285] (review)). Perfusion studies using dynamic susceptibility contrast MRI, single photon emission computed tomography (SPECT) and arterial spin labeling (ASL) MRI in participants with repeated brain trauma has shown global perfusion deficits accompanied with lower cerebral blood flow in thalamus, cingulate gyri, cerebellum, cuneus and temporal lobes (For review: [@bb0110], [@bb0210]). The perfusion deficit was further shown to be associated with neurocognitive scores ([@bb0120], [@bb0210], [@bb0235]).

Therefore, there is an established association of both morphological and perfusion changes in fighters with repeated head trauma. However the extant neuroimaging studies in humans have investigated either structural or perfusion changes in fighters but not both in the same population. Jointly investigating both structural and perfusion changes may provide additional information about the pathophysiology and the progression of cognitive decline in participants with repeated head trauma. To that end, in the current study, we investigated both structural and perfusion changes in active professional fighters and their association with exposure to fighting and neuropsychological assessments. The data were collected as a part of Professional Fighters Brain Health Study (PFBHS) ([@bb0045]). We hypothesized that repeated head trauma will induce (a) both global structural and perfusion deficits as compared to age and education-matched healthy controls, (b) there may be both overlapping and non-overlapping regions of structural and perfusion deficits due to repeated head trauma, and (c) the regions showing significant structural and perfusion deficits as compared to healthy controls will be associated with both exposure to fighting and neuropsychological assessments.

2. Materials and methods {#s0010}
========================

PFBHS is a longitudinal study of active professional fighters (boxers and MMA) and age and education-matched healthy controls ([@bb0045]). PFBHS was approved by the institutional review board of Cleveland Clinic and all the participants provided informed written consent. The protocols of the experiment were explained to all the subjects and were performed according to the Declaration of Helsinki guidelines and Belmont Report.

2.1. Active fighters and healthy controls recruitment and demographics {#s0015}
----------------------------------------------------------------------

252 professional fighters (234 males (M); 18 females (F)) and 20 age-matched healthy controls (20M) were recruited at our centre. All subjects aged 18 or older licensed for professional boxing or mixed martial arts and who are fluent in English were included as professional fighters. Fighters competing in a sanctioned competition within 45 days of the visit were excluded. Control subjects could not have participated in contact sports such as rugby, football, hockey, soccer, or rodeo at the high school or above. There were 108 boxers (98M, 10F) and 144 MMA-fighters (136M, 8F). None of the fighters included for the purpose of this study suffered from hypertension, diabetes, or any other medical complications that may affect CBF measurements. All fighters who had concussion-like symptoms on the day of their visit were also excluded for the purpose of this study. Detailed information about race, educational attainment, prior involvement in other combat sports and professional fighting were recorded for most of the subjects (221 fighters, 20 controls).

Since both race and years of education (YOE) affect CBF values, those subjects that had missing information on either race (22 fighters), years of education (YOE) (seven fighters), or both race and YOE (two fighters) were removed from any further analysis. Furthermore, one control and seven fighters had registration and motion artifacts and were excluded from any analysis. This procedure yielded 19 healthy controls (19M), and 214 (14F, 200M) professional fighters (89 boxers (6F, 83M), and 125 MMA-fighters (8F, 117M)). Since there were no female controls, only male fighters and controls were used for this analysis. Therefore, 19 male healthy controls and 200 male professional fighters (83 boxers and 117 MMA-fighters) were used for the statistical analysis. Demographics of the groups are tabulated in [Table 1](#t0005){ref-type="table"}.Table 1Various demographics of all the participants are shown along with their mean ± SD. Results of pairwise statistical comparisons are also shown with their respective *p*-values. *p*-Values are represented by the letter "*p*". NS: Non-significant; NA: Not applicable.Table 1DemographicsControl (*N* = 19)Fighters (*N* = 214)Control vs fightersAge (years)29 ± 7.5328.98 ± 5.86NS (*p* = 0.95)Years of education (years)14.59 ± 2.6713.71 ± 2.47NS (*p* = 0.11)Race Unknown:230 Pacific Islander:28 Asian:13 African American:156 American Indian/Alaskan Native:03NS (*p* = 0.15) White:13100Number of professional fightsNA12.69 ± 12.16NAYears of professional fightsNA5.18 ± 4.03NANumber of knockoutsNA0.91 ± 1.53NA

2.2. Neuropsychological assessment {#s0020}
----------------------------------

Cognitive tests were completed using a computer in a quiet room, supervised by a researcher. CNS Vital Signs was used to administer standardized cognitive tests ([@bb0145]). We use four tests from their battery; Finger Tapping, Symbol Digit Coding, Stroop and a Verbal Memory task involving list learning. From these tests we obtained four cognitive scores, namely verbal memory (total correct across immediate and delayed recognition tasks using a 15 item list), processing speed (total correct on a Digit Symbol Coding task), psychomotor speed (combining Digit Symbol result and average Finger Tapping on each hand) and reaction time (which uses the scores from the Stroop task) for all the participants. [Table 2](#t0010){ref-type="table"} tabulates the neuropsychological assessment scores.Table 2Various neuropyschological assessment test results are shown along with their mean ± SD. Results of pairwise statistical comparisons are also shown with their respective *p*-values and effect size. *p*-Values are represented by the letter "*p*" and effect size is represented by letter "d". NS: Non-significant.Table 2Neuropsychological scoresControl (*N* = 19)Fighters (*N* = 214)Control vs fightersVerbal memory53.21 ± 3.8151.43 ± 4.91NS (*p* = 0.11); d = 0.1Processing speed66.21 ± 15.7552.47 ± 10.99*p* \< 0.001; d = 0.3Psychomotor speed199 ± 24.04171.28 ± 22.95*p* \< 0.001; d = 0.3Reaction time660.42 ± 84.28709.59 ± 100.32*p* = 0.02; d = 0.16

2.3. MRI data acquisition {#s0025}
-------------------------

3T Verio Siemens MRI scanner with a 32-channel head coil was used to acquire the following MRI data for each subject. Structural T1-scan: 3D magnetization prepared rapid gradient echo (MPRAGE) T1 weighted scan was performed with: field of view (FOV) = 256 × 256 × 160; voxel size = 1 × 1 × 1.2 mm^3^; TR = 2300 ms, TE = 2.98 ms; TI = 900 ms and flip angle = 9°. ASL-MRI (pCASL): pCASL sequence with 2D single-shot gradient-echo EPI was performed with: voxel size = 3.5 × 3.5 × 5 mm^3^; TR = 4500 ms; labeling duration = 1500 ms; post labeling delay = 1200 ms; TE = 29 ms; FOV = 224 × 224 mm^2^; number of slices = 29; number of dynamics = 100 with 50 control and tag pairs. Both the scans were performed in the same session. Total imaging scan time was 15 min.

2.4. Image processing and analysis {#s0030}
----------------------------------

Image processing was performed using SPM12 ([http://www.fil.ion.ucl.ac.uk/spm/software/spm12/](http://www.fil.ion.ucl.ac.uk/spm/software/spm12){#ir0010}), FreeSurfer v5.3.0 (<http://surfer.nmr.mgh.harvard.edu>/), FSL v5.0.9 ([http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/](http://fsl.fmrib.ox.ac.uk/fsl/fslwiki){#ir0020}) and Matlab® 2015a ([http://www.mathworks.com/help/matlab/](http://www.mathworks.com/help/matlab){#ir0025}).

### 2.4.1. Voxel-based morphometry (VBM) analysis {#s0035}

VBM analysis to compare modulated gray matter and white matter density between controls and fighters were performed using Diffeomorphic Anatomical Registration Through Exponential Lie Algebra (DARTEL) toolbox ([@bb0020]). Briefly, the steps can be summarized as follows: (1) T1-weighted images are segmented using standard unified segmentation model in SPM12 to produce gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) probability maps in MNI152 space; (2) the study-specific GM and WM templates were created from the segmented GM and WM images by randomly selecting the same number of fighters as controls to stay unbiased to population distribution; (3) an initial affine registration of both GM and WM templates to tissue probability maps in MNI152 space was then performed; (4) both affine registered GM and WM templates were nonlinearly warped to GM and WM templates in MNI152 space respectively, and were used in the modulation step in order to ensure that the relative volumes of GM and WM were preserved following the spatial normalization (2 mm^3^ isotropic resolution) by the Jacobian determinant of the deformation field; and (5) spatial smoothing was finally performed on the modulated and normalized GM and WM images with a 8 mm full width at half maximum (FWHM) isotropic Gaussian kernel and were used to statistically compare modulated GM density (GMD) and WMD between the two groups. WMD obtained using DARTEL encompasses both the white matter and the subcortical brain regions.

### 2.4.2. CBF quantification {#s0040}

ASL data was first motion corrected using MCFLIRT in FSL for the control and label image series separately ([@bb0190], [@bb0325]). The perfusion map of every subject was calculated using Variational Bayesian approach ([@bb0080]) using BASIL toolbox (as a part of the FMRIB Software Library <https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/BASIL>). BASIL toolbox estimates perfusion according to the single well-mixed compartment of Buxton et al. ([@bb0070]). Voxelwise calibrated CBF image for every subject was obtained by dividing the relative perfusion map by the voxelwise calibration. Voxelwise calibration ([@bb0015]) was performed including the bias field map and correction for partition coefficient and the labeling efficiency. The bias field map was obtained by segmenting the T1-weighted image using FAST toolbox in FSL ([@bb0385]), and was used as an approximate of the coil sensitivity map. The other parameters used in the Bayesian inference using the Buxton model ([@bb0070]) were as follows: labeling efficiency (0.85 for pCASL) ([@bb0355]), blood-brain barrier coefficient (0.9 ml/g) ([@bb0165]), bolus duration (1.5 s), delay between the end of labeling and the start of the acquisition (1.2 s), and the longitudinal relaxation time of the brain tissue (1.65 s) at 3T ([@bb0245]). An adaptive spatial prior was used to smooth the estimated perfusion map to exploit the spatial homogeneity of the perfusion map without interacting with non-linear kinetic curve modelling.

All statistical comparisons were performed on the smoothed calibrated CBF images in the standard space. The procedure to generate smoothed calibrated CBF images for each subject in the standard space is as follows. First, the mean ASL control image was registered to the high-resolution T1 image and the transformation was applied to the calibrated CBF map. Then, the anatomical scan was spatially normalized to the MNI152 template (2 mm^3^) using SPM12\'s unified segmentation normalization tool ([http://www.fil.ion.ucl.ac.uk/spm/software/spm12/](http://www.fil.ion.ucl.ac.uk/spm/software/spm12){#ir0035}) in order to perform group-wise statistical comparisons. Then, the transformation matrix was applied to registered calibrated CBF map to obtain spatially normalized CBF maps in MNI152 standard space. All the spatially normalized CBF maps were averaged with a Gaussian filter (FWHM = 4 mm) before statistical comparison.

Since the low resolution of the ASL maps can interfere with the accuracy of CBF quantification, partial volume corrected CBF maps (CBF-PV-Corr) for each subject in their individual native space were also generated according to the procedure outlined in Chen et al. ([@bb0085]). Briefly, high-resolution GM and WM probability maps were subsampled to the resolution of the ASL images and thresholded to 0.3 to minimize division artifacts before being applied to the non-partial volume corrected CBF maps (CBF-NonPV-Corr) obtained in the previous paragraph. CBF-PV-Corr maps were computed using the equation:$${CBF} - {PV} - \text{Corr} = \frac{{CBF} - \text{NonPV} - \text{Corr}}{P_{GM} + 0.4 \ast P_{WM}}$$where 0.4 is the global ratio between GM and WM ([@bb0105]), and *P*~*GM*~ and *P*~*WM*~ are the probabilities of GM and WM in every voxel respectively. The procedure outlined in the previous paragraph for CBF-NonPV-Corr map was repeated for CBF-PV-Corr maps to spatially normalize each subject\'s CBF-PV-Corr map to MNI152 space and were averaged with a Gaussian filter (FWHM = 4 mm) before statistical comparison. All the individual CBF-PV-Corr and CBF-NonPV-Corr maps were inspected for obvious arterial artifacts.

Whole brain mask was generated for every subject in the native space. The high-resolution T1 image was registered to the mean ASL control image and the transformation was applied to the GM and WM probability map. A binary whole brain mask was finally obtained by assigning 1 to all voxels where sum of the individual GM and WM probabilities was equal to 1, and 0 otherwise. This whole brain mask was applied to the CBF-PV-Corr and CBF-NonPV-Corr map and a single value of mean whole brain CBF-PV-Corr and CBF-NonPV-Corr were obtained for each subject which was used as a regressor to remove subject level global differences in perfusion between individuals.

### 2.4.3. Multivariate GMD, WMD, and CBF analysis {#s0045}

A joint analysis of GMD and WMD with both CBF-PV-Corr and CBF-NonPV-Corr maps was conducted using a modified nonparametric combination implemented in PALM toolbox in FSL ([@bb0340]) to investigate if there are any overlapping regions of structural and perfusion deficits due to repeated head trauma, and whether the regions showing significant structural and perfusion deficits as compared to healthy controls are associated with both exposure to fighting and neuropsychological assessments.

2.5. Statistical analysis {#s0050}
-------------------------

Two sample *t*-test was performed in SPM12 to assess group differences in modulated GMD, WMD, CBF-PV-Corr, and CBF-NonPV-Corr between control and fighters. Age, gender, years of education, race, global CBF, type of fighting style (boxing or MMA), and intracranial volume were used as nuisance regressor as they may modulate both CBF and morphological structures ([@bb0125], [@bb0155], [@bb0220], [@bb0230]). The t-maps were thresholded with a cluster defining a threshold (CDT) of voxel-wise uncorrected *p* \< 0.001 resulting in a cluster-extent threshold of k ≥ 377, k ≥ 328, k ≥ 104, and k ≥ 164 for GMD, WMD, and CBF-PV-Corr and CBF-NonPV-Corr respectively to achieve a cluster-level family-wise error rate (FWER) of 0.05. Various cluster sizes were obtained for the comparisons at the same uncorrected *p* \< 0.001 as the smoothness estimate to satisfy assumptions of random field theory ([@bb0350]) were different for each group comparisons. FWHM were \[9.86, 12.49, 11.56\] mm, \[12.34, 14.67, 13.62\] mm, \[9.99, 11.79, 9.45\] mm, and \[12.1, 14.93, 11.84\] mm for GMD, WMD, CBF-PV-Corr and CBF-NonPV-Corr comparisons respectively. Cohen\'s effect size (d) was calculated for each significant clusters. GMD, WMD, CBF-PV-Corr and CBF-NonPV-Corr were extracted in the significantly different clusters for each subject and the relationship between GMD, WMD, CBF-PV-Corr, and CBF-NonPV-Corr and various neuropsychological tests along with the exposure to fighting were assessed controlling for the nuisance regressor, stated above. The relationship was corrected for multiple comparisons between the clusters using PALM toolbox in FSL ([@bb0340]) and *Cohen\'s d* was calculated for each significant relationship since multiple linear regression analysis was used in this study. Only FWER *p*-values are reported wherever applicable.

FWER of 0.05 was considered significant for joint analysis using a modified nonparametric combination. As before, GMD and WMD along with CBF-PV-Corr or CBF-NonPV-Corr were extracted in the significantly different clusters for each subject and the relationship between GMD, WMD, CBF-PV-Corr, or CBF-NonPV-Corr and various neuropsychological tests along with the exposure to fighting were assessed controlling for the nuisance regressor, stated above. The relationship was corrected for multiple comparisons between the clusters using PALM toolbox in FSL ([@bb0340]) and *Cohen\'s d* was calculated for each significant relationship. Only FWER *p*-values are reported wherever applicable.

Chi-square (χ^2^) test was conducted to check significance for categorical demographic variables and Wilcoxon rank sum test was conducted to check for statistical significance of continuous demographic variables and neuropsychological scores. Significance was established at *p* \< 0.05 and the results were reported as mean ± standard deviation (SD) along with their associated effect size, wherever applicable.

3. Results {#s0055}
==========

3.1. Demographics and clinical scores {#s0060}
-------------------------------------

[Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"} outlines the descriptive statistics as mean ± SD, *p*-values and the associated effect sizes, for the demographics and the cognitive assessment scores, between the two groups.

None of the demographics such as age, YOE, and race was significantly different between the groups ([Table 1](#t0005){ref-type="table"}). As would be expected, there were several differences in cognitive scores between the groups ([Table 2](#t0010){ref-type="table"}). Fighters had significantly worse processing speed (*p* \< 10^− 3^; d = 0.3), psychomotor speed (*p* \< 10^− 3^; d = 0.3), and reaction time (*p* = 0.02; d = 0.16) when compared to controls. Verbal memory was found to be non-significant between controls and fighters.

3.2. Global effects of repeated head trauma on both structural and CBF measurements {#s0065}
-----------------------------------------------------------------------------------

Both controls and fighters had a similar range of mean GMD, WMD, CBF-PV-Corr and CBF-NonPV-Corr as shown in [Fig. 1](#f0005){ref-type="fig"}. Whole brain (global) GMD (modulated), WMD (modulated), CBF-PV-Corr and CBF-NonPV-Corr were estimated to be 0.43 ± 0.11 (arbitrary units (a.u.)), 0.49 ± 0.16a.u., 53.08 ± 15.88 ml/100 g/min, and 37.31 ± 7.15 ml/100 g/min in controls and 0.43 ± 0.1a.u., 0.48 ± 0.15a.u., 51.05 ± 14.27 ml/100 g/min and 36.84 ± 6.74 ml/100 g/min in fighters respectively. [Fig. 2](#f0010){ref-type="fig"} shows the association of GMD and WMD with neuropsychological assessment scores. A significantly positive association was observed between psychomotor speed and global GMD (*p* = 0.01, d = 0.17) in the fighters cohort. Fighters also showed a negative association (*p* = 0.03, d = 0.17) with reaction time and WMD due to repetitive head trauma. No other measurements showed any associations with either global structural or global CBF measurements.Fig. 1Mean modulated gray matter density (GMD), modulated white matter density (WMD), and partial volume corrected cerebral blood flow (CBF), and non-partial volume corrected CBF in MNI space shown for healthy controls (left panel) and fighters (right panel) in all the three orientations. The color bar represent the range of GMD (arbitrary units (a.u.)), WMD (a.u.), and CBF (ml/100 g/min).Fig. 1Fig. 2(a) Scatterplot of modulated GMD is shown as a function of psychomotor speed. (b) Scatterplot of modulated WMD is shown as a function of reaction time. Every scatter represents global GMD and WMD for every subject. The regression line is shown for fighters in gray color. The regression line for controls is not shown as there was no association between the GMD and psychomotor speed or WMD and reaction time in our cohort of active professional fighters. \**p* \< 0.05.Fig. 2

3.3. Regional effects of repeated head trauma on structural MRI measurements {#s0070}
----------------------------------------------------------------------------

Only one cluster was found to have lower modulated WMD in active professional fighters (0.49 ± 0.04 a.u.) as compared to healthy controls (0.51 ± 0.05 a.u.). As shown in [Fig. 3](#f0015){ref-type="fig"}, the cluster was found to be predominantly located in the bilateral thalamus, hippocampus, and pons.Fig. 3Spatial location of the voxels where modulated WMD was lower in fighters as compared to healthy controls. The panel shows the 3D representation of the extent of the clusters from on MNI152 glass brain. L, R represents the left and right hemisphere. Scatterplot of modulated WMD is also shown as a function of reaction time. Every scatter represents WMD in the entire cluster for every subject. The regression line is shown for fighters in gray color. The regression line for controls is not shown as there was no association between the WMD and reaction time. \**p* \< 0.05.Fig. 3

Also, as shown in [Fig. 3](#f0015){ref-type="fig"}, a significantly negative association was observed between modulated WMD of the cluster and reaction time in active professional fighters (*p* = 0.02, d = 0.17). None of the other neuropsychological measures or exposure to fighting had any association with any clusters in either group.

No significant difference was observed in regional modulated GMD between healthy controls and fighters.

3.4. Regional effects of repeated head trauma on CBF {#s0075}
----------------------------------------------------

As shown in [Fig. 4](#f0020){ref-type="fig"}, significantly lower CBF-PV-Corr was observed in the right inferior temporal lobe in fighters (46.9 ± 14.93 ml/100 g/min) as compared to controls (65.45 ± 22.24 ml/100 g/min). CBF-PV-Corr showed a significantly positive association with verbal memory (*p* = 0.0054, d = 0.21) in controls, as shown in [Fig. 4](#f0020){ref-type="fig"}. Also, as shown in [Fig. 4](#f0020){ref-type="fig"}, controls showed a significantly negative association between CBF-PV-Corr and reaction time (*p* = 0.02, d = 0.17).Fig. 4Spatial location of the voxels where partial volume corrected cerebral blood flow (CBF-PV-Corr) was lower in fighters as compared to healthy controls. The panel shows the 3D representation of the extent of the clusters from on MNI152 glass brain. L, R represents the left and right hemisphere. Scatterplot of CBF-PV-Corr is also shown as a function of verbal memory and reaction time. Every scatter represents CBF-PV-Corr in the entire cluster for every subject. The regression line is shown for controls in black color. The regression line for fighters is not shown as there was no association between CBF-PV-Corr and verbal memory or CBF-PV-Corr and reaction time in our cohort of active professional fighters. \**p* \< 0.05.Fig. 4

The cluster in the right inferior temporal lobe was also present in the CBF-NonPV-Corr and had a significantly lower CBF-NonPV-Corr in fighters (25.91 ± 7.99 ml/100 g/min) as compared to controls (35.22 ± 12.18 ml/100 g/min), as shown in [Fig. 5](#f0025){ref-type="fig"}. Additionally, as shown in [Fig. 5](#f0025){ref-type="fig"}, there was a cluster encompassing right fusiform gyrus and cerebellum (cluster 2) which had a significantly higher CBF in fighters (29.52 ± 13.03 ml/100 g/min) as compared to controls (19.46 ± 12.56 ml/100 g/min). A similar association, as before, between CBF-NonPV-Corr was observed with verbal memory (*p* \< 0.001, d = 0.32) and reaction time (*p* = 0.007, d = 0.17) in controls, as shown in [Fig. 5](#f0025){ref-type="fig"}. In addition, a significantly negative association was observed in healthy controls between CBF-NonPV-Corr and psychomotor speed (*p* = 0.0068, d = 0.2). None of the other neuropsychological measures or exposure to fighting had any association with any clusters in either group.Fig. 5Spatial location of the voxels where non-partial volume corrected cerebral blood flow (CBF-NonPV-Corr) was lower in fighters as compared to healthy controls. Cluster 1 and cluster 2 are shown in red and pink color respectively. The panel shows the 3D representation of the extent of the clusters from on MNI152 glass brain. L, R represents the left and right hemisphere. Scatterplot of CBF-NonPV-Corr is also shown as a function of verbal memory, psychomotor speed, and reaction time. Every scatter represents CBF-NonPV-Corr in the respective cluster for every subject. The regression line is shown for controls in black color. The regression line for fighters is not shown as there was no association between CBF-NonPV-Corr and verbal memory or CBF-NonPV-Corr and psychomotor speed or CBF-NonPV-Corr and reaction time in our cohort of active professional fighters. \**p* \< 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 5

3.5. Multivariate analysis of GMD, WMD, and CBF measurements {#s0080}
------------------------------------------------------------

Four clusters were found to be significantly different (*p* \< 0.05) in fighters as compared to controls ([Fig. 6](#f0030){ref-type="fig"}) using modified NPC by combining modulated GMD, WMD, and CBF-PV-Corr. The clusters were located in the right precuneus (cluster 1), bilateral hippocampus (cluster 2 and cluster 3), and bilateral thalamus (cluster 4). Also, as shown in [Fig. 6](#f0030){ref-type="fig"}, modulated GMD in cluster 1 and CBF-PV-Corr in cluster 4 were found to be significantly positively associated with psychomotor speed (*p* = 0.04, d = 0.19) and numbers of fighting (*p* = 0.03, d = 0.2) respectively, in fighters as compared to controls.Fig. 6Spatial location of the voxels where modulated GMD, WMD, and CBF-PV-Corr was different in fighters as compared to healthy controls. Cluster 1, cluster 2, cluster 3, and cluster 4 are shown in red, blue, green, and violet color respectively. The panel shows the 3D representation of the extent of the clusters from on MNI152 glass brain. L, R represents the left and right hemisphere. Scatterplot of CBF-PV-Corr is also shown as a function of psychomotor speed, and number of professional fights. Every scatter represents CBF-PV-Corr in the respective cluster for every subject. The regression line is shown for fighters in gray color. The regression line for controls is not shown as there was no association between CBF-PV-Corr and psychomotor speed. \**p* \< 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 6

When CBF-NonPV-Corr was combined with modulated GMD and WMD, five clusters were found to be significantly different in fighters as compared to controls ([Fig. 7](#f0035){ref-type="fig"}). The clusters were located in the right precuneus (cluster 1), right olfactory cortex (cluster 2), bilateral hippocampus (cluster 3 and cluster 4), and bilateral thalamus (cluster 5). Additionally, a similar relationship between modulated GMD in cluster 1 and CBF-PV-Corr in cluster 5 were found to be significantly positively associated with psychomotor speed (*p* = 0.03, d = 0.2) and numbers of fighting (*p* = 0.007, d = 0.25) in fighters as compared to controls.Fig. 7Spatial location of the voxels where modulated GMD, WMD, and CBF-NonPV-Corr was different in fighters as compared to healthy controls. Cluster 1, cluster 2, cluster 3, cluster 4, and cluster 5 are shown in red, yellow, blue, green, and violet color respectively. The panel shows the 3D representation of the extent of the clusters from on MNI152 glass brain. L, R represents the left and right hemisphere. Scatterplot of CBF-NonPV-Corr is also shown as a function of psychomotor speed, and number of professional fights. Every scatter represents CBF-NonPV-Corr in the respective cluster for every subject. The regression line is shown for fighters in gray color. The regression line for controls is not shown as there was no association between CBF-NonPV-Corr and psychomotor speed. \**p* \< 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Fig. 7

[Table 3](#t0015){ref-type="table"}, [Table 4](#t0020){ref-type="table"}, [Table 5](#t0025){ref-type="table"} show mean ± SD of GMD, WMD, CBF-PV-Corr, and CBF-NonPV-Corr in each group along with the number of voxels in each cluster and the effect size of the significant clusters. [Table 6](#t0030){ref-type="table"} summarizes our findings.Table 3Results of voxelwise modulated white matter density (WMD), partial volume corrected cerebral blood flow (CBF-PV-Corr), and non-partial volume corrected cerebral blood flow (CBF-NonPV-Corr) comparisons between controls and fighters are shown. The results were thresholded at cluster defining threshold (CDT) of *p* \< 0.001 uncorrected. A family wise error rate at corrected *p* \< 0.05 was applied and the clusters surviving the threshold for each group are tabulated. The extent of the cluster, mean ± SD for the compared group in the significant cluster and the effect sizes are tabulated. Refer [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"} for the location of the clusters.Table 3ClusterMean ± standard deviation (controls)Mean ± standard deviation (fighters)Number of voxels in the clusterEffect sizeModulated white matter density (a.u.) Cluster 10.51 ± 0.050.49 ± 0.0535340.89 ± 0.11CBF-PV-Corr (ml/100 g/min) Cluster 165.45 ± 22.2446.9 ± 14.931940.89 ± 0.11CBF-NonPV-Corr (ml/100 g/min) Cluster 135.22 ± 12.1825.91 ± 7.992630.91 ± 0.1 Cluster 219.46 ± 12.5629.52 ± 13.033210.84 ± 0.06Table 4Multivariate results of voxelwise modulated gray matter density (GMD), white matter density (WMD), and partial volume corrected cerebral blood flow (CBF-PV-Corr) comparisons between controls and fighters are shown. A family wise error rate at corrected *p* \< 0.05 was applied and the clusters surviving the threshold for each group are tabulated. The extent of the cluster, mean ± SD for the compared group in the significant cluster and the effect sizes are tabulated. Refer [Fig. 6](#f0030){ref-type="fig"} for the location of the clusters.Table 4ClusterMean ± standard deviation (controls)Mean ± standard deviation (fighters)Number of voxels in the clusterCanonical correlation (effect size)Modulated gray matter density (a.u.) Cluster 10.39 ± 0.060.36 ± 0.05 Cluster 20.13 ± 0.020.12 ± 0.01 Cluster 30.1 ± 0.010.09 ± 0.01 Cluster 40.27 ± 0.030.26 ± 0.03Modulated white matter density (a.u.) Cluster 10.31 ± 0.050.27 ± 0.051040.28 ± 0.02 Cluster 20.45 ± 0.050.42 ± 0.041040.29 ± 0.02 Cluster 30.53 ± 0.070.51 ± 0.05800.28 ± 0.01 Cluster 40.22 ± 0.030.2 ± 0.033870.29 ± 0.03CBF-PV-Corr (ml/100 g/min) Cluster 167.21 ± 21.5561.07 ± 19.14 Cluster 247.44 ± 18.7950.89 ± 24.59 Cluster 360.88 ± 26.4258.18 ± 22.65 Cluster 437.09 ± 14.8333.2 ± 15.35Table 5Multivariate results of voxelwise modulated gray matter density (GMD), white matter density (WMD), and partial volume corrected cerebral blood flow (CBF-PV-Corr) comparisons between controls and fighters are shown. A family wise error rate at corrected *p* \< 0.05 was applied and the clusters surviving the threshold for each group are tabulated. The extent of the cluster, mean ± SD for the compared group in the significant cluster and the effect sizes are tabulated. Refer [Fig. 7](#f0035){ref-type="fig"} for the location of the clusters.Table 5ClusterMean ± standard deviation (controls)Mean ± standard deviation (fighters)Number of voxels in the clusterCanonical correlation (effect size)Modulated gray matter density (a.u.) Cluster 10.41 ± 0.060.37 ± 0.06 Cluster 20.42 ± 0.040.41 ± 0.03 Cluster 30.13 ± 0.010.12 ± 0.01 Cluster 40.11 ± 0.010.1 ± 0.01 Cluster 50.27 ± 0.030.26 ± 0.03Modulated white matter density (a.u.) Cluster 10.3 ± 0.050.26 ± 0.05690.3 ± 0.02 Cluster 20.24 ± 0.030.24 ± 0.021340.3 ± 0.02 Cluster 30.46 ± 0.050.43 ± 0.051470.28 ± 0.02 Cluster 40.48 ± 0.060.46 ± 0.051830.27 ± 0.01 Cluster 50.22 ± 0.030.21 ± 0.033650.3 ± 0.03CBF-NonPV-Corr (ml/100 g/min) Cluster 142.99 ± 12.4338.46 ± 11.74 Cluster 252.81 ± 14.0842.05 ± 12.59 Cluster 330.15 ± 11.9432.05 ± 13.74 Cluster 433.42 ± 11.6331.27 ± 11.47 Cluster 523.66 ± 7.9222.46 ± 9.43Table 6Summary of the univariate and multivariate findings in our cohort of active professional fighters and healthy controls.Table 6Statistical method usedRegions found to be significantAssociated with neuropyschological assessments or exposure to fightingUnivariate■Structural MRIa.Global gray matter density (GMD)No differencePositively associated with psychomotor speed in active professional fightersb.Global white matter density (WMD)No differenceNegatively associated with reaction time in active professional fightersc.GMD (voxelwise)No differenceNo associationd.WMD (voxelwise)Cluster involving bilateral pons, hippocampus, and thalamusNegatively associated with reaction time in active professional fighters■Cerebral blood flow (CBF)a. Global Partial volume corrected (PV-Corr)No differenceNo associationb. Global Non-partial volume corrected (NonPV-Corr)No differenceNo associationc. PV-Corr (voxelwise)Cluster in right inferior temporal lobePositively associated with verbal memory and negatively associated with reaction time in healthy controlsd. NonPV-Corr (voxelwise)1. Cluster in right inferior temporal lobe\
2. Cluster in right fusiform gyrus and cerebellumPositively associated with verbal memory and negatively associated with psychomotor speed and reaction time in healthy controls\
No association  Multivariate voxelwise analysis■GMD, WMD, and CBF-PV-Corr1.Cluster in right precuneusPositively associated with psychomotor speed in healthy controls2.Cluster in right hippocampusNo association3.Cluster in left hippocampusNo association4.Cluster in bilateral thalamusPositively associated with number of professional fights■GMD, WMD, and CBF-NonPV-Corr1.Cluster in right precuneusPositively associated with psychomotor speed in healthy controls2.Cluster in right olfactory cortexNo association3.Cluster in right hippocampusNo association4.Cluster in left hippocampusNo association5.Cluster in bilateral thalamusPositively associated with number of professional fights

4. Discussion {#s0085}
=============

Our findings in active professional fighters due to repeated head trauma suggests that: (a) there is no global deficit in GMD, WMD, CBF-PV-Corr, or CBF-NonPV-Corr, although, there was a positive association of both global GMD and WMD with psychomotor speed and reaction time in our cohort of active fighters, respectively; (b) WMD, CBF-PV-Corr, and CBF-NonPV-Corr deficits exists due to repeated head trauma similar to previous findings ([@bb0055] (review); [@bb0110] (review); [@bb0210] (review); [@bb0265], [@bb0270] (review); [@bb0285] (review); [@bb0345] (review)); and (c) multivariate analysis combining GMD and WMD with CBF measurements (both PV-Corr and NonPV-Corr) revealed clusters where either structural or perfusion measurements were associated with exposure to fighting or neuropsychological assessments. Hence, our study suggests that repeated head trauma induces a complex pattern of structural and perfusion deficits, and both CBF and structural deficits should be investigated in the same set of subjects to better inform the clinical effects of repeated head trauma.

Repeated head blows due to fighting may cause neural tissue damage which has been shown to produce a cascade of either regional or global brain atrophy depending on the severity and type of injury ([@bb0055] (review); [@bb0060] (review); [@bb0100] (review); [@bb0110] (review); [@bb0130], [@bb0210] (review); [@bb0215] (review)). However, we did not find any global differences in structural or perfusion measurements although, both global GMD and WMD was significantly associated with psychomotor speed and reaction time, respectively, in active professional fighters. Our finding suggests that structural atrophy due to repeated head trauma may be associated with cognition similar to retired fighters (For review: [@bb0140], [@bb0255], [@bb0260]); and that structural measurement may be more sensitive than perfusion measurement on a global scale.

Lower thalamic volumes due to repeated head blows has been shown to be associated with poor cognitive functions ([@bb0050]). Both hippocampal and thalamic atrophy have been widely reported in animal ([@bb0150], [@bb0330], [@bb0360]) and human (For review: [@bb0055], [@bb0175], [@bb0270], [@bb0285]) neuroimaging studies of repeated head trauma. Similar to the above studies, our study also found lower modulated WMD in fighters as compared to healthy controls in pons, bilateral hippocampus and thalamus. WMD in thalamus was negatively associated with slower reaction time suggesting thalamus to be sensitive to repeated head trauma that has been speculated previously ([@bb0050]).

Studies in retired fighters have also shown association of thalamic and hippocampal volumes with exposure to fighting and neuropsychological scores ([@bb0050]; For review: [@bb0055], [@bb0210]). However, we did not find any association of regional WMD deficits with exposure to fighting which may suggest that these structures may lack sensitivity to exposure to fighting due to the heterogeneous impact of brain injuries and inherent repair mechanism of individual fighters. Future longitudinal evaluation of hippocampus and thalamus atrophy may clarify the sensitivity of these regional WMD deficits due to fighting exposure. Our study, also, did not find any regional GMD difference between controls and fighters suggesting that gray matter deficits may not be as sensitive as white matter deficits.

Contrary to the previous studies ([@bb1000]; For review: [@bb0200], [@bb0275]), our study did not find any global CBF (both PV-Corr and NonPV-Corr) difference between fighters and controls and neither an association of global CBF with exposure to fighting or neuropsychological scores. This finding suggests that perfusion measurements may not be very sensitive to repeated head trauma and the metabolic studies may shed more light on perfusion changes in active professional fighters.

Various animal ([@bb0360] (review); [@bb0365]) and human (For review: [@bb0200], [@bb0275], [@bb0305], [@bb0335]) neuroimaging studies have reported dysregulated CBF due to repeated head trauma (For review: [@bb0200], [@bb0275], [@bb0305], [@bb0335]). Direct mechanical forces to the head at the time of impact have shown to induce both primary and secondary injuries manifesting as abnormal brain metabolism, dysregulated intracranial pressure (ICP) or changes in cerebral perfusion pressure (CPP) (For review: [@bb0170], [@bb0200], [@bb0295], [@bb0300], [@bb0305]). Dysregulated CBF is primarily caused due to uncoupling between flow and metabolism ([@bb0305] (review)). Factors leading to uncoupling between metabolism and flow such as cerebral vasospasm ([@bb0335] (review)), cerebral metabolic dysfunction ([@bb0295] (review)), and presence of reactive oxygen species ([@bb0315] (review)) have been reported in various studies of different forms of brain injuries in human subjects, animal models and ex-vivo studies ([@bb0095], [@bb0225], [@bb0275] (review); [@bb0335] (review); [@bb0365]).

Consistent with previous SPECT and ASL based CBF measurements that have reported hypoperfusion in temporal and parietal lobes, basal ganglia, thalamus, and cerebellum in various forms of repeated head trauma ([@bb0110], [@bb0210]), our study also found lower CBF in the right inferior temporal lobes along with a paradoxical increase in CBF in the regions encompassing right cerebellum and right fusiform gyrus. The paradoxical increase of CBF in fighters vanished when CBF was corrected for partial volume correction. This finding may suggest that CBF increase due to repeated head trauma has to be discussed in light of structural morphology in the regions. Moreover, lack of association of CBF in temporal lobe with various neuropyschological assessments in fighters, which was found in controls, may suggest mismatch between CBF and oxygen extraction fraction (OEF) due to repeated head trauma. Since this study cannot measure OEF, it is imperative for future studies to study the effect of OEF on CBF. A longitudinal follow-up of the fighters with simultaneous metabolic studies will give a better insight about the evolution and mechanisms of CBF dysregulation in due to repeated head trauma.

Nonparametric multivariate analysis combining GMD and WMD with either CBF-PV-Corr or CBF-NonPV-Corr was conducted to further evaluate whether the findings reflect the changes due to repeated head trauma. Most of the cluster were similar to univariate analysis. However, an additional cluster in the right precuneus was revealed with multivariate analysis. In this cluster, modulated GMD was positively associated with psychomotor speed in fighters. Right precuneus has been shown to be involved with episodic memory ([@bb0075]) and our finding may suggest that atrophy of the precuneus may be involved with cognition in our cohort of professional fighters. Also, the cluster in bilateral thalamus was positively associated with number of fights. Increase in CBF due to exposure to fighting may indicate reduced OEF to meet the increased metabolic demands, as mentioned above. These two findings may suggest that repeated head trauma induces complex heterogeneous pattern, both in perfusion and structural MRI measurements, and that a combined analysis of structural and perfusion measurements in addition to metabolic studies will help the clinicians better understand the pathophysiology of repeated head trauma.

However, the findings of our study have to be discussed with the following limitations. There was a mismatch in sample size and gender in our cohort of healthy controls and fighters population. Future studies with equal sampling of both genders should be performed to investigate differences due to repeated head trauma. Although statistically the controls are expected to have a low variance in both structural and CBF measures and similar performance on cognitive scores; future studies with equal distribution of sample sizes may be performed that can increase the power of interpretation of our study. A longitudinal analysis of active professional fighters will better reveal the pathophysiology of brain structure and perfusion due to repeated head impact as it is still unclear that the results of our analysis revealed structural and perfusion deficits due to repeated head impact. Our study was designed before the general consensus on ASL acquisition was published and hence the post labeling delay is shorter than the recommended value. We also assumed same arterial transit time (ATT) for fighters and healthy controls ([@bb0185]). It has been shown that ATT can vary in pathological cases ([@bb0135], [@bb0370]). Future studies should be designed to study the effect of repeated head trauma on ATT. Our simplest approach of partial volume correction with a fixed assumption of GM to WM ratio ([@bb0105]) might not hold in the pathological brain. Although linear regression algorithms employed for partial volume correction ([@bb0025]) with a single TI does not have this assumption, it is prone to smoothing which might reduce the chances of detecting localized changes ([@bb0010], [@bb0065]). Future studies of perfusion quantification in subjects exposed to repeated head trauma should be evaluated using multiple post-labeling delay time as it has been shown to improve the repeatability of perfusion quantification ([@bb0390]). Future studies should also be designed to simultaneously study CBV and CBF that can disentangle the role of repeated head trauma on CBV through hypercapnia ([@bb0180], [@bb0290]) or caffeine challenges ([@bb0005]). Although none of the participants indicated hypertension, diabetes, or any other medical complications that may have influenced CBF ([@bb0280]), future studies could be directed to study the association of CBF and the role of other medical conditions influencing the clinical effects observed due to repeated head trauma in fighters. Since duration of knockouts could also influence CBF, future studies may also be directed to study the association of CBF and duration of knockouts in fighters ([@bb0030], [@bb0090]). Although there was a medium to large effect (average Cohen\'s d = 0.8) in the regions with significant CBF deficits in fighters, there were no significant associations between CBF deficits and exposure to fighting or neuropsychological scores. Hence any clinical or physiological impact of this finding is unknown. Future studies will be directed towards investigating the association of the regions with lower CBF and cognition in fighters population. Furthermore, association of either structural or perfusion measurements in our cohort of active professional fighters does not imply causation.

5. Conclusion {#s0090}
=============

In conclusion, our study found heterogeneous pattern of structural and CBF deficits due to repeated head trauma in active professional fighters. Heterogeneous loci of regional structural and CBF deficits were also observed but were not sensitive to fighting exposure. Multivariate analysis of structural and perfusion measurements revealed clusters where exposure to fighting was associated with deficits due to repeated head trauma. Overall, our finding suggests investigation of both structural and CBF deficits in same set of participants to understand the pathophysiology and progression of cognitive decline due to repeated head trauma.
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